Introduction
Animals are the current gold standard of locomotion ability. Their ability to navigate rough terrain is unmatched by their manmade counterparts. For years studies by biologists have attempted to extract some of the principles behind their remarkable capabilities.
One of the most interesting and influential findings from comparative biologists has been that two, four, six, and eight legged runners all have similar whole body ground reaction forces. Furthermore, these patterns are predicted by the simple spring-loaded inverted pendulum ͑SLIP͒ model ͓1͔. Full and Koditschek ͓2͔ have suggested that this model serves as a template for the design of running robots. In fact, from the earliest hoppers of Raibert and Hodgkins ͓3͔, most running robots have been guided by this model.
More recently, studies of cockroaches have shown that they use a feed-forward motor actuation pattern that is virtually unchanged, even when running over very rough terrain ͓4͔. It appears that their considerable structural compliance contributes significantly to their stability when running. Their sprawled posture and tuned impedance in their musculoskeletal system enable an instantaneous response to disturbances. This allows for rapid response to the large perturbations experienced when interacting with irregular terrain.
Consideration of these principles has led to the design of the Sprawl family of robots, which features one active thruster and one entirely passive rotary joint on each leg. Without these rotary spring elements the robots would not be able to run. With them, they can easily overcome hip-height obstacles without any alteration of their open-loop controller and run at speeds of up to 2.3 m / s or 15 bodylengths/ s ͓5,6͔.
The use of nonsymmetric or nonparallel leg configurations in running is unusual in robotics. Robotic systems have traditionally avoided these configurations due to their presumed added complexity and decreased efficiency. Biomechanical analysis of small animals, such as the cockroach, however, show that the front, middle, and rear limbs are not only kinematically different, but more importantly, are functionally different as evidenced by their individual ground reaction forces ͓7͔. The Sprawl family of robots is unique in how they explicitly incorporate this functional leg differentiation ͑see Fig. 1͒ .
This paper examines the trade-offs between efficiency and stability when functional leg differentiation is introduced by means of a fore-aft leg sprawl angle. The analysis is conducted on a numerical simulation of the Sprawl robots which allows for efficient and repeatable tests. It also permits efficient investigation of structural as well as control parameters-an essential requirement for these passively stabilized open-loop runners.
Stability for dynamic legged locomotion over rough terrain is not easily defined. For this paper, four different criteria for measuring aspects of stability that are applicable to a simulation of a running robot are described. Each of these criteria is used to investigate how changing the self-stabilizing posture affects the stability of the robot. By comparing the results from these measures, a picture of how using functional leg specialization affects running over rough terrain begins to emerge.
We conclude by looking at the effect changing the legs from a more parallel to a more sprawled configuration has on the individual leg ground reaction forces. The differences in the resulting force profiles demonstrates how subtle morphological changes affect the functional roles for the legs and the resultant stability properties of the robot.
The paper is organized as follows. Section 2 describes the dynamic simulation used in this study and Sec. 3 gives a comparison of the behavior of the model to that of the robot in its nominal configuration. Section 4 gives an overview of how the model was used to guide the redesign of the robot to improve its performance. Various stability criteria that are applicable to a simulation of a dynamic running robot are given in Sec. 5. The effect of altering the posture of the robot with respect to each of the these measures is explored. The results of increasing the sprawled posture of the robot are described and some conclusions and possible future work are outlined in Sec. 6. racy and stability, ease of building and parameterizing a design, and convenient display and analysis tools.
Care was taken to establish the parameters defining the passive self-stabilizing structure of the robot. As shown in Fig. 1 , the model consists of a rigid body supported by six legs. The center of mass of the robot is located slightly behind the middle legs, as in many insects ͓8͔ and as shown by Schmitt and Holmes ͓9͔ to promote lateral stability. Each leg has one active and one passive degree of freedom: a prismatic pneumatic actuator thrusts along the axis of the leg and a flexure provides rotational stiffness and damping at the hip where the leg attaches to the body. The pneumatic piston in each leg is driven by a simple open-loop binary control. A square wave with a given frequency regulates the timing of the six legs. Three of the legs being 50% out of phase creates an alternating tripod gait. While the leg activation frequency can be varied, the robot is typically run from rest to top speed at a single fixed frequency. The robot also has servo motors at the hips, but these are held fixed during normal running and are used only to establish the equilibrium positions of the legs. Thus, as in insects, propulsion is due mainly to thrust forces directed along the legs. Elastic hip rotations are then responsible for swinging the legs forward at the end of each stride. Each foot, as well as the corners of the body, has a contact model for collisions with the floor, and can drag and bounce. The various subsystems, and the system identification processes used in their development, are described in the following sections.
Legs-Passive Rotational Elements.
Each leg, as shown in Fig. 2͑A͒ , is a multi-material compliant linkage fabricated using a technique called shape deposition manufacturing ͑SDM͒ ͓10,11͔. The flexible joint was designed to act like the primarily passive tarsus-femur joint of a cockroach ͓12͔.
The short length of the flexible section of the material compared to the length of the leg suggests modeling it as a smalllength flexural pivot ͓13͔, with a stiffness K given by
where w and h define the rectangular cross section of the flexure, E is the modulus of elasticity of the bending material, and l is the length of the flexure. The effective spring constant in the fore-aft direction was predicted and measured experimentally and found to be 0.05 Nm. The urethane used in the leg flexures is viscoelastic and, as shown in ͓12͔, dissipates energy in a way not unlike that observed in cockroach legs. To simulate the observed energy loss at running speeds, a viscous rotational damper was added in parallel to the hip spring on each leg. The effective damping was experimentally determined to be 2.3ϫ 10 −4 N ms. Figure 2͑B͒ compares the results of a step disturbance for the robot leg as captured by high-speed video and the output from the ADAMS leg model. The thin solid and dotted lines show the experimental step responses and ±1 standard deviation. The heavy solid line is the simulated response, which produces similar energy dissipation for excursions corresponding to a standard step size, but faster decay for small excursions.
Legs-Active Translational Elements.
Each SDM leg has a spring-loaded, normally retracted, piston embedded in itsee Fig. 2͑A͒ . Consequently each leg is modeled with an active prismatic degree of freedom. The pistons are actuated by threeway pneumatic valves and the associated pressure rise and decay profiles are shown by the dashed line in Fig. 3͑A͒ . Each of the pneumatic valves is given a square wave signal as a control input. The frequency and duty cycle ͑% on͒ of the square wave determine the stride period and amount of thrust applied to the legs. This represents the entire open-loop control strategy for the Sprawl robots.
Tests have shown that the pressure rise in the robots is approximately exponential in nature, as shown in Fig. 3 . Consequently, the first modeling efforts used the simple first-order ordinary differential equation to calculate the pressure ͑p͒ acting on the piston given in Eq. ͑2͒ The foot-floor contact in the vertical direction was modeled using a standard penalty method by the stiff nonlinear spring damper described in Eq. ͑3͒ as follows
The ground characteristic parameters k, b, and n are the ground stiffness, damping, and exponential. These were experimentally measured for the foot and treadmill interaction and found to be 62,600 Nm, 10 Nm/ s and 2, respectively. High-speed video and simulations show that during running not only the feet, but also the rear and occasionally the front of the robot make contact with the ground. To account for this phenomenon, spherical contacts were added at the four lower corners of the box that represents the body of the robot. These contacts are treated in the same way as the foot contacts.
Although efforts were taken to minimize the size and weight of the connecting electrical cable, it still has a large impact on the running dynamics of the robot. It creates a drag force and affects the turning dynamics. The effect of these changes depends on how the tether is mounted and whether the robot is running on the treadmill or on the lab floor ͓15͔. The absence of an adequate tether model results in overly optimistic predictions for the speed of the robot.
Model Verification
A comparison of the animation of the dynamic model versus high-speed video of the robot on a treadmill shows that the motions are quite similar, with nearly identical velocity, body orientation, actuator frequency, thrust duration, leg bend angles, and duration of airborne phases.
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A quantitative analysis of the difference between the robot and simulation was performed by comparing high-speed marker data from the robot running to simulation results. A summary of the numerical comparison of the kinematics is shown in Table 1 . As the table reveals, the leg flexing angles are quite similar despite omitting the angular drag due to the pneumatic tubing. In addition, the model runs somewhat more smoothly than the real robot with smaller vertical and angular motions of the body.
Ground Reaction Forces.
Ground reaction forces dictate the acceleration of the body; hence verifying the accuracy of the ground forces predicted during a simulation is an essential test of the veracity of the model. The legs of the robot were designed to function like those of a cockroach, with the rear legs primarily propelling the robot forward, the front legs primarily braking at the end of each stride, and the middle legs performing both functions ͓16͔. A comparison of the measured and simulated ground reactions demonstrates that the specialization of the legs is captured by the model ͑see Fig. 4͒ . Here the ground reaction forces for both the robot and the simulation have been filtered with a lowpass Butterworth filter with cutoffs at 50 and 500 Hz. This results in negative vertical force values at the sharp transitions associated with the touchdown and lift-off of the feet. The model also correctly predicts the hind leg drag seen in the actual robot, which is an important aspect to consider when looking at ways to increase the speed.
Application of Model in Design Process
Until the adaptations described in this section were implemented, all of the Sprawl family of hexapedal runners were confined to running indoors. Each platform was connected to an air supply and an off-board microprocessor. In order to free the robot from the lab, the microprocessor interface was replaced by onboard circuitry and a battery. Together these weighed about 100 g ͑about 1 / 3 of the body mass͒ and were attached to the back of the Sprawl body. A portable air supply was provided by a small air tank that could be easily carried by the operator.
The difficulty with the implementation described above was that after adding the battery pack and a new set of stiffer legs the robot could only run at a top speed of less than 0.40 m / s. ͑As compared to the tethered versions that could run at speeds over 0.80 m / s.͒ As a design exercise, the dynamic simulation was used to determine quantitatively what changes were needed to make its performance similar to that of its tethered cousins.
The simulation model was adapted to match the new robot's configuration by changing the valve pneumatics, adding mass for 1 The interested reader can view a clip of the high-speed video ͑250 frames/ s͒ superimposed on the animated model at the following URL: http:// dart.stanford.edu:88/Get/File-442/blendគlight.mov. 
Leg Stiffness.
Prior to the simulation studies, the outdoor robot's hip flexure thickness was increased from Sprawlita's 2.76 to 4.30 mm in order account for the larger mass of reconfigured robot. Our initial experiments with the simulation indicated that these hips were probably too stiff. We therefore ran simulations with stiffnesses from 0.05 Nm ͑the value for Sprawlita͒ to 0.25 Nm, and evaluated the model's resultant forward velocity. For these tests hip damping was increased proportionally with stiffness.
The simulation showed that there was a clear maximum at a hip stiffness of 0.094 Nm. Using Eq. ͑1͒ we calculated the desired flexure width to be 3.1 mm. We then modeled the step response of a leg with the predicted stiffness, damping, and inertia. For a leg with these properties, the maximum overshoot occurs at 55 ms, which is the nominal duration of swing phase. It appears that as long as stability is preserved, the legs operate best when tuned to oscillate at the robot's natural running frequency.
We then built legs with the calculated stiffness, and experimentally verified that the step response of the newly constructed leg corresponded well with the predicted profile.
Leg Orientation.
With the revised leg design, we then tested the effect of changing leg orientations, which in turn modifies the ground reaction forces and leg function. To reduce the number of leg angle parameters, we constrained contralateral pairs of legs to have the same orientation. We further constrained all three leg pairs such that the line of action of each piston intersected at a common point, as shown in Fig. 5 . With these constraints the orientation of all of the legs can be specified with two parameters. Plotting the location of this intersection point relative to the body of the robot allows for a geometric interpretation of the results. Figure 5 shows the results of running the legs at 121 different settings chosen to span a reasonable region of the leg configuration space. The shaded region indicates the configurations for which the model "nose dived" or crashed. For each stable configuration two circles are drawn, where the size of each circle is proportional to the minimum and maximum velocity at steady state. If the circles are distinct, it is an indication of nonperiod-1 running.
The robot was tested at the initial configuration ͑as labeled on Fig. 5͒ , which corresponds to the maximum predicted stable speed. The robot, however, tripped after a few strides due to small disturbances on the treadmill. Consequently, the second configuration ͑also labeled on Fig. 5͒ was chosen to increase stability while minimizing the loss in predicted speed. And, true to our predictions, the robot ran slightly slower, but much more stably.
Battery Pack Mass and Location.
We also investigated the effect of varying the location and mass of the battery pack. Believing that these parameters were likely to be coupled, a simple Design of Experiments was used. Masses of 20, 60, and 100 g and locations between 0.03 and −0.10 m ͑fore and aft of the center of mass͒ were evaluated. We found that the coupling was, in fact, weak and that the added mass should be located at the robot's center of mass-suggesting that we had already identified the proper leg angles for balancing impulses. Increasing the mass from 20 to 100 g decreased the speed by 15%.
Results.
The application of the simulation to the redesign of the outdoor version of Sprawl resulted in a new leg design and increased understanding about how the posture and stiffness affect the speed of the robot. With the new legs and specified posture the robot was able to run at 0.8 m / s or over twice as fast as the best previous empirically derived settings.
The simulation results also showed that the fastest leg configurations tended to be on the boarder of unstable running. Experimentation with the the new legs on the robot showed that operation at these settings tended not to be stable in the face of realworld disturbances, but that leg angle settings in the center of the stable region ran much more smoothly.
These findings suggest that small changes in the orientation of the robot's leg can make a large difference in its performance and motivates an investigation into characterizing the role of leg design and posture in stability.
Stability
There have been many measures for stability created for walking and running robots over the years. None of them, however, is wholly adequate for predicting successful running for a complex system over rough terrain. Standard static and dynamic stability margins ͓17-19͔ are commonly violated by running systems due to their high speeds and airborne phases, and as shown by Wieber, do not extend well to rough terrain ͓20͔. The other general approach to analyzing system stability, return map eigenvalue analysis ͓21͔, has thus far only been successfully applied to very simple models of robotic systems ͓22-24͔. Recently a more general approach to characterizing stability has been proposed, but it requires an explicit construction of a Lyapunov function ͓20͔.
This section discusses four distinct scalar values or measures of performance. Each of these measures can easily be implemented on a steady-state simulation of a robot running on a smooth surface. The measures are length independent, and thus can as easily be applied to a horse sized robot as to an ant sized robot. Additionally, each can be used to test the effect of varying physical as well as control parameters-an essential requirement for analyzing the Sprawl robots.
The sprawled fore-aft leg posture and the passive compliance in the legs are the focus of this investigation, as they are the characteristic features of Sprawlita's self-stabilizing posture. Tuning these parameters not only affects the speed and maneuverability of the robot ͓15͔, but also its ability to reject disturbances and passively stabilize its motion. The measures examined in this section are:
• an adapted version of a stability margin; • size of the parameter space that results in felicitous running on flat terrain; • the range of slopes that can be traversed in steady-state running; and • speed of recovery from a perturbation during running.
Although each of these measures is applied to running on smooth surfaces, when taken together they consider many of the effects that result from running on rough terrain. A comparison of these measures serves to more fully illustrate how the configuration of stance parameters affects the robots stability.
Stability Margins.
Most classical stability margins do not apply to a running robot with airborne phases. One exception is the recently proposed "wide stability margin" ͑WSM͒ as used on Tekken ͓25͔. This measure uses the ground projection of each foot and the center of mass. Although this measure was developed to analyze walking, it can also be applied to running robots with flight phases. However, the WSM is analogous to the static stability margin, as it takes no account of the system dynamics. In general, and as acknowledged by Fukuoka ͓25͔, this method could be refined by substituting the zero moment point ͓26͔ for the ground projection of the center of mass.
An analysis of the WSM as applied to Sprawlita running and the effect of altering the leg posture are detailed in Clark ͓14͔. In short, the WSM adaptation of the traditional stability margin can be a good predictor of configurations that will crash, and as such, could be used at run time to monitor stability. A disadvantage of this measure is that it does not give insight into how either the size of the stable range or how changing leg configurations within the stable region affects the robot's ability to handle rough terrain.
Size of the Configuration Space.
The next measure of stability considered is the percentage of configurations tested that result in felicitous locomotion. Configurations in this sense refer to leg angles and hip impedance, specifically, how changing the hip stiffness affects the size of the stable region of the leg intersection space. The implied assumption is that increasing the size of the stable configuration space increases the range of rough terrain that can be traversed.
To investigate this, tests were run with hip stiffness from 0.050 to 0.250 Nm and the range of leg configurations that resulted in fast, stable running was evaluated. The optimal configuration from the parameter tuning exercise described above for Outdoor Sprawl was used for this study. Hip damping was increased proportionally with stiffness for these trials.
Figures 6͑A͒-6͑C͒ show the set of stable configurations for the minimum, the newly selected optimal, and the maximum stiffness. The shaded region on the left of each plot represents the unstable nose diving set of configurations. As in Fig. 5 , the size of each circle is proportional to the model's velocity at that point. As the stiffness increases, this boundary shifts and tilts forward relative to the body of the robot. The setting with the maximum velocity is indicated by the dashed lines. For the cases with the softer legs, this point occurs right on the boundary of stable configurations. This result agrees with the prediction made by simple one-legged hopping models performed previously that suggest that the fastest hopping speeds occur at settings on the boundary of stability ͓27͔. Figure 6͑D͒ indicates how velocity changes as function of hip stiffness and leg posture. Each point represents the top speed from all leg configurations with a given hip stiffness. As the stiffness increases, each leg rotates less, shortening the stride length, which results in slower running. As shown in Figs. 6͑A͒-6͑C͒ above, as the stiffness of the hips decreases the leg angles have to shift to stabilize the robot. At the softest levels the front feet are placed in front of the hips, resulting in negative work and slowing of the robot. Figure 6͑E͒ shows how the size of the stable region increases with hip stiffness. The size is calculated as the percentage of test configurations that result in fast and stable period-1 running. For large values of stiffness ͑k͒, there is a large set of configurations that results in desirable running patterns. These values would be even higher for the largest hip stiffness if the test area were shifted forward ͑to the left͒. Figure 6͑A͒ shows that, especially for comparatively soft legs, the postures that result in stable running are those in which the orientation between the front and rear legs ͑or fore-aft sprawl angle͒ is large ͑i.e., more sprawled͒. For a parallel leg orientation ͑as used by other multi-legged running robots͒, the leg intersec-tion point would be at infinity. The simulation, however, indicates that for this hip stiffness, as the legs become more parallel and the intersection point rises further above the body, the robot becomes less stable.
In addition to changing the size and shape of the stable region, modifying the hip impedance alters the leg configuration that results in maximum running speed. As the hip flexures are made stiffer, the mean leg angle increases ͑moves to the left͒ to compensate for the increased energy absorbed by the hips. As the legs move away from the "ideal" stiffness ͑k = 0.10 Nm͒, the sprawl angle increases.
Using the size of the felicitous running region as a measure of stability allows the evaluation of the coupling between leg angles and hip stiffness. The simulation results show that increasing the hip impedance increases stability at the cost of speed, and suggests an advantageous design point with stiffness ͑k = 0.10 Nm͒. This measure, however, does not indicate how leg configuration within the felicitous region affects stability.
Slope Invariance.
A third measure of how well a robot can run on rough terrain is its steady-state ability to traverse a range of slopes, an approach taken by Pratt et al. ͓28͔ and Taga ͓29͔. For these simulations the preferred hip stiffness from Sec. 4 was used, and for each of the stable configurations on flat ground, the robot was run on slopes up to ±20 deg with 2 deg gradations. To ensure directional stability, orientation constraints were added to the simulation resulting in a slightly larger region of stable running, as shown in Fig. 7 . As before, the steady-state velocity and presence of "nose dives" were examined to determine which trials resulted in good running. Figure 7͑A͒ shows the steady-state velocity on level ground for each configuration. Figure 7͑B͒ shows the band of slopes that was achievable for each configuration. In each case this is a plus/minus band. In other words, a six indicates that the simulation was able to run well for each inclination between and including ±6 deg slope. Figure 7͑B͒ shows that operation in the middle of the parameter space increases the slope invariance. The most impressive finding, however, is that increasing the sprawl angle ͑moving down the line of action of the middle leg͒ dramatically increases the band of slopes that can be handled. Although the maximum speed occurs at a narrower sprawl angle, increasing the sprawl angle significantly improves the robot's invariance to ground inclination. The weakness of this measure is that it does not capture the effects of high-frequency terrain changes and impulses on the system. Full et al. argue that analyzing the system response to perturbations is the next step in understanding dynamic running ͓23͔. For simple systems like hopping monopods and passive walkers, perturbation analysis can be performed analytically via Floquet multipliers or eigenvalue analysis as described in ͓30,31͔. Models that exist in only one or two dimensions and have a single stance leg result in small state vectors and tractable dynamic equations of motion. For these simple models, exact limit cycles can be found and used to analyze local convergence for true perturbations to the state vector. Additionally, perturbations in all directions can be analyzed simultaneously. However, calculating the size of the basin of attraction in N-dimensional space is still difficult.
Perturbation Response.
On the other extreme of complexity are biological systems. Sprawlita's design was, in part, inspired by the results of clever perturbation studies on cockroaches which show that their passive structure is largely responsible for their stability to lateral perturbations ͓32͔. These experiments were able to look at a single Fig. 6 Effect of altering hip stiffness on velocity for a range of leg angles: "A… for the softest hips tested, "B… for optimal stiffness selected in Sec. 5.5, and "C… for the stiffest value tested. "D… Shows the peak velocity for all configurations at each level of stiffness tested, "E… shows the fraction of the tested configurations at each stiffness that resulted in fast, period-1 running.
perturbation on a single type of animal. The resulting variations in the insects' stride pattern where then compared to "normal" insect running to gain insights. A number of trials were necessary to gain statistical confidence in the results.
Having a full dynamic model of a running system places one in a position between these simple and complex cases. The simulation allows for applying precise and repeatable disturbance inputs into the model, but the nature of the simulation environment precludes applying perturbations to each position state of the system. In addition, the higher-order dynamics and the coupling in the model make the standard return-map linearization less meaningful as well as more difficult to perform and interpret.
The path taken in this study is twofold. First the response of a single configuration to a variety of disturbances is analyzed, and the resulting behavior in each direction of motion is observed. The coupling between the degrees of freedom is described, and the shape of the decaying oscillations is mapped. Second, the effect of changing the stance parameters on the rate of recovery for two representative disturbances is observed.
Perturbation Response Behavior.
For the first perturbation study, a nominal configuration of the tuned outdoor simulation is chosen in the middle of the stable region of leg angles which strikes a balance between forward velocity and slope invariance.
After achieving steady-state locomotion, the model is disturbed with impulses equal to approximately 15% of the forward momentum of the robot. A positive and negative impulse is applied at the center of mass of the body in three orthogonal directions aligned with the orientation of the body. In addition, disturbance torques are applied about the same axes. All of the impulses are applied during an airborne phase. The details of this study can be found in Clark ͓14͔, the conclusions of which include the following:
• the body roll and yaw motions are strongly coupled; • a disturbance in either roll or yaw excites a pitching oscillation; • fore-aft disturbances do not excite rotational motions; and • any disturbance to an angular motion will slow the forward velocity.
Of the various directions of motion, pitch oscillations settle at the slowest rate. All of the modes, however, stabilize regardless of the direction of disturbance, and they all reach a steady-state motion within 1 s. This is also the time required for the robot to reach its steady-state gait from the initial rest position. Consequently, forward velocity and pitch were chosen as the representative responses for evaluating the effect of changing configuration. Figure 8 compares the pitch response to the speed response for a range of leg orientations. For each case the settling time is plotted, with the circle size being proportional to the number of strides required before the state has settled to its nominal value. The gray area highlights the region that converges the most quickly.
Configuration Dependent Response Rate.
As Fig. 8͑A͒ shows, the region of fastest convergence for the fore-aft perturbation response lies on the border of unstable values. The region of the configuration space that results in the fastest running overlaps with this region. This may be due to stronger locking into the limit cycle, but these configurations also pose a greater danger of crashing due to configuration or alignment errors.
The pitch response to a pitching disturbance impulse is shown in Fig. 8͑B͒ . The region of fastest convergence occurs near the middle of the stable range. Values to the rear ͑right͒ of the stable region converge poorly for both types of disturbances. These values are not unstable in the sense of nose diving, but also do not show a sharp period-1 gait locking. The pitch results agree well with the slope invariance tests. In both cases, the best performance is found in the center of the stable region.
Forward configurations ͑with the intersection point to the left͒ result in good fore-aft perturbation rejection. These configurations also have less body pitch and pitch oscillation in general, and a larger percentage of the leg thrust is horizontal. The central leg configurations, on the other hand, have larger nominal body pitches and larger oscillation in body pitch with each stride. These configurations are better able to quickly absorb the effects of sudden pitching torques applied to the body, as might result from a bump, pit, or change in ground slope.
Even though pure fore-aft disturbances are perhaps rare, the dependence of the forward velocity response on rotational disturbances suggests that Fig. 8͑A͒ may be a representative result in terms of speed for a range of perturbations. For surfaces which produce small disturbances that converge, the fore-aft response Transactions of the ASME plot may be a good indicator of the resulting loss of speed, i.e., leg configurations that result in rapid velocity perturbation recovery may also mitigate the decrease in average velocity while running over a given stretch of rough, but passable terrain. The slow settling time and strong dependence of the pitching response on other types of disturbances suggests that Fig. 8͑B͒ may be an indicator for predicting the effect of leg configuration on how rough a terrain the robot can successfully traverse.
Stability Measure
Comparison. Each of the measures described in the previous section contribute to our understanding of how posture affects stability. The first measure, WSM, is a good predictor of the boundary between convergent and nosediving configurations, but otherwise simply suggests that stability is inversely proportional to speed.
The second measure, the size of the stable leg configuration space, gives a good indication of how hip stiffness interacts with leg angles. It clearly shows the trade-off between maximum possible speed and the size of the configuration space for changing hip stiffnesses. It indicates a design "sweet spot" for maximizing both, and predicts that a larger fore-aft sprawl angle is necessary for stable running with very soft legs.
The third measure, slope invariance, gives an indication of how altering the leg orientation impacts size of the attractive basin for low frequency terrain changes. It also gives the most direct implication that increasing the leg sprawl angle increases stability.
The perturbation test study demonstrates the strength of the coupling between the directional motions of the robot and indicates how well the robot may respond to impulses and impacts encountered while running. It also indicates that configurations on the boundary of instability ͑more negative mean leg angles͒ have faster responses to fore-aft perturbations, but for rotational disturbances a more central leg placement is desirable. Figure 9 graphically overlays the results from these measures. The size of the circles at each configuration is proportional to the robot's velocity for that setting. For fast operation on smooth terrain, the leg configurations shown by the dotted lines that result in the maximum speed would be recommended. For operation on unknown or rough terrain, however, a more sprawled leg configuration coinciding with the intersection of the fastest pitch recovery and slope invariance regions would be suggested. As the two circles designating these operating regimes show, it is primarily the leg sprawl rather than the mean angle which defines the difference.
Although the connection between each of these measures and the effect of real terrain has not yet been ascertained, the composite effect from looking at these different measures provides an idea of how changing the robot's stance parameters will affect its stability. Though far from definitive, these measures provide a first step to capturing these complex interactions in a simulation environment in a manner that could be used as a design tool early in the plan/build/test cycle.
Leg Sprawl and Ground Reaction Forces
. In order to demonstrate the connection between fore-aft leg sprawl and the functional role of the legs, we examine the ground reaction forces for the two configurations highlighted in Fig. 9 . The upper circle corresponds to the posture resulting in the maximum forward velocity, and the lower circle lies on the intersection of the regions of best response to pitch perturbations and slopes. The major difference between these settings is the amount of leg sprawl ͑30 vs 50 deg͒. Figure 10 shows the shape of both the whole body and the individual leg ground reaction forces for these "narrow" and the "sprawled" configurations. From this we see that increasing the forc-aft leg sprawl primarily affects the functional role of the front legs. The deceleration caused by the antagonistic posture also results in a phase delay and smoothing of the whole body vertical ground reaction force. The rear legs in the sprawled configuration also provide a larger horizontal thrust, helping to offset the braking due to the front legs.
Conclusions
The Sprawl robots have shown that a properly tuned physical structure is sufficient to achieve open-loop stabilization at high speeds over rough terrain. The robot's design was based on the hypothesis that introducing a sprawled posture would increase stability, but the effect of this has been difficult to show with simple models. Consequently, the dynamic simulation described in this paper has been developed and shown to have sufficient fidelity to the physical system to specify design changes that double the forward velocity of the robot.
Although there is currently no universal metric to measure stability of running systems over rough terrain, the simulation has been used to compare four potential measures. While none of these metrics are wholly adequate, their composite view gives some insight into the system's behavior. In particular, we find that multiple measures indicate that increasing the fore-aft leg sprawl angle improves the robot's stability.
An advantage of altering leg posture to trade efficiency for stability is that it can easily be implemented at run time. A simple modification of the angle of the normally fixed hip servo motors can change the posture such that the robot runs efficiently over smooth terrain or more cautiously over rough or unknown ground.
An examination of the ground reaction forces shows that small changes to the angle of fore-aft sprawl has a significant effect on the functional roles of the legs, while the whole body reaction forces remain SLIP-like. Use of the SLIP model alone, however, could not predict the benefits that increasing leg specialization brings to stability.
The results of this study are clearly preliminary. Even though the dynamic model used to generated the results is shown to be effective in improving the performance of the physical robot, more empirical tests are necessary to assess the degree of applicability of the simulation results to how the robot runs over rough terrain.
While the comparative simulation measures discussed in Sec. 5 are a step in the right direction, the individual criteria used can be significantly improved. Some immediate approaches include augmenting the wide stability margin by including the effects of momentum and acceleration, extending the perturbation analysis to measure the size of the basin of attraction, and extending the slope invariance criteria to three dimensions by considering body roll. For each of these theoretical measures of performance, rigorous physical testing is required to illuminate the strength of connection between simulation results and the effect of real terrain.
The larger questions of how to abstract the general principles of how leg specialization can be used to increase stability and how to apply these to other platforms remains the subject of future re- Transactions of the ASME search. Some suggestions have been raised by the current study, but the complex nature of the coupled, nonlinear dynamics of the system has thus far precluded the abstraction of more general analytical tools. Nevertheless, this work provides an indication that such tools may exist. Specifically, the simulation results support our hypothesis that the very unusual addition of leg specialization into the design of the Sprawl robots allows them to effectively increase stability with only a minor cost in terms of speed and efficiency. Additionally, these large performance changes can be implemented by subtle postural changes, easily altered during runtime.
